Sodium ion diffusion and voltage trends in phosphates Na<sub>4</sub>M<sub>3</sub>(PO<sub>4</sub>)<sub>2</sub>P<sub>2</sub>O<sub>7</sub> (M = Fe, Mn, Co, Ni) for possible high-rate cathodes by Wood, Stephen M. et al.
        
Citation for published version:
Wood, SM, Eames, C, Kendrick, E & Islam, MS 2015, 'Sodium ion diffusion and voltage trends in phosphates
Na4M3(PO4)2P2O7 (M = Fe, Mn, Co, Ni) for possible high-rate cathodes', Journal of Physical Chemistry C, vol.
119, no. 28, pp. 15935-15941. https://doi.org/10.1021/acs.jpcc.5b04648
DOI:
10.1021/acs.jpcc.5b04648
Publication date:
2015
Document Version
Peer reviewed version
Link to publication
This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of
Physical Chemistry C, copyright © American Chemical Society after peer review and technical editing by the
publisher. To access the final edited and published work see
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.5b04648
University of Bath
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 13. May. 2019
 Supplementary Information 
 
Sodium-Ion Diffusion and Voltage Trends in Phosphates Na4M3(PO4)2P2O7 (M= Fe, 
Mn, Co, Ni) for Possible High Rate Cathodes  
 
Stephen M. Wooda, Chris Eamesa, Emma Kendrickb,c and M. Saiful Islama*  
 
a Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK  
b SHARP Laboratories of Europe Limited, Oxford OX4 4GB, UK  
c School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK 
 
Table S1: Potential model developed, for use in MD simulations, based on potentials of 
Pedone et al. O-O, P-O and Na-O potentials were unchanged over those from the Pedone 
model.1 
 
Interaction D (eV) α (Å-2) r (Å) C Y 
Fe-O 0.066171 1.772638 2.658163 2.0 1.2 
Mn-O 0.032616 2.0255701 2.719217 3.0 1.2 
 
 
Table S2: Deviation (Δ) between calculated and experimental structures2,3 of 
Na4M3(PO4)2P2O7 from Pedone potential model used in MD calculations. 
 
Lattice Parameter 
                Fe                 Mn 
Expt Calc Expt Calc 
a/Å 18.07517 18.47168 17.991 18.486 
b/Å 6.53238 6.60949 6.648 6.630 
c/Å 10.64760 10.89843 10.765 10.992 
α/° 90.0 90.0 90.0 90.0 
β/° 90.0 90.0 90.0 90.0 
γ/° 90.0 90.0 90.0 90.0 
 
 
Table S3: Ueff values used in various DFT+U computational studies of Li-ion and Na-ion 
battery materials. 
 
Transition Metal Material Class U-J Value (eV) Reference 
Mn2+/Mn3+ Borate 3.9 Ceder et al.4 
 Carbonophosphate 3.9 Ceder et al.5 
 Sulphate 3.9 Islam et al.6 
 Oxide and phosphate 4.0 Ceder et al.7 
 Silicate 4.0 Dompablo et al.8 
 Silicate 4.0 Dompablo et al.9 
 Borate 4.5 Kang et al.10 
 Fluorophosphate 4.5 Kang et al.11 
 Phosphate 4.5 Kang et al.12 
 Oxide Spinel 5.0 Kang et al.13 
Mn3+/Mn4+ Oxide 3.9 Kang et al.14 
 Oxide 4.0 Meng et al.15 
 Oxide 5.0 Meng et al.16 
 Oxide 5.0 Meng et al.17 
 Oxide 5.0 Dompablo et al.18 
 Oxide Spinel 5.0 Meng et al.19 
 Oxide 5.1 Islam et al.20 
 Oxide 5.2 Islam et al.21 
Fe2+/Fe3+ Oxide and phosphate 3.9 Ceder et al.7 
 Silicate 4.0 Kang et al.22 
 Carbonophosphate 4.0 Ceder et al.5 
 Hydroxysulfate 4.0 Islam et al.23 
 Silicate 4.0 Islam et al.24 
 Silicate 4.0 Dompablo et al.25 
 Silicate 4.0 Dompablo et al.26 
 Sulphate 4.0 Islam et al.6 
 Silicate 4.0 Dompablo et al.9 
 Borate 4.3 Kang et al.10 
 Mixed Phosphate 4.3 Kang et al.2 
 Phosphate 4.3 Kang et al12 
 Phosphate 4.3 Ceder et al.27 
 Oxide Spinel 5.0 Kang et al.13 
Fe3+/Fe4+ Oxide 4.0 Ceder et al.28 
Ni2+/Ni3+ Silicate 4.0 Dompablo et al.9 
 Carbonophosphate 6.0 Ceder et al.5 
Ni3+/Ni4+ Oxide 5.96 Meng et al.16 
 Oxide 5.96 Meng et al.17 
 Oxide 5.96 Dompablo et al.18 
 Oxide Spinel 5.96 Meng et al.19 
 Oxide 6.1 Meng et al.15 
 Oxide 6.0 Ceder et al.28 
Co2+/Co3+ Oxide Spinel 4.3 Kang et al.13 
 Silicate 4.0 Dompablo et al.8 
 Silicate 4.0 Dompablo et al.9 
 Borate 5.7 Kang et al.10 
 Carbonophosphate 5.7 Ceder et al.5 
 Phosphate 5.7 Kang et al.12 
 Sulphate 5.7 Islam et al.6 
Co3+/Co4+ Oxide 3.0 Meng et al.29 
 Oxide 3.4 Ceder at el.28 
 
Table S4: Potential model developed, for use in defect energy calculations, covering the 
class of materials Na4M3(PO4)2P2O7[M = Fe, Mn, Ni and Co] . 
 
 
Interaction A ρ C k Y 
Na-O 2612.0 0.2644 0.0 9999 1.0 
P-O 1194.0 0.3385 0.0 9999 5.0 
O-O 22764.3 0.149 44.53 65.0 0.96 
Fe-O 1450.0 0.2977 0.0 19.16 -0.997 
Mn-O 1068.8 0.3154 0.0 81.2 -1.0 
Ni-O 1900.08 0.280 0.0 2.88 0.0 
Co-O 3245.0 0.2644 0.0 110.5 -1.503 
 
 
 
Table S5: Published data on Na+  ion diffusion coefficients for sodium-ion cathode materials. 
Diffusion Coefficients Range Material Reference 
10-14 Na rich layered 
oxides 
Zhou et al.30 
10-16 - 10-12 Na0.44MnO2 Kim et al.
31 
10-14 - 10-13 Na0.44MnO2 Kim et al.
32 
10-8 MnO2 Tseng et al.
33 
10-11 NaxCoO2 Moritomo et al.
34 
10-11 NaxMnO2 Moritomo et al.
35 
10-8 - 10-7 NaxCoO2 Chou et al.
36 
10-15 - 10-13 NaMn3O5 Zhou et al.
37 
10-14 Na2V6O16.H2O Shang et al.
38 
10-15 - 10-13 Na3V2(PO4)3 Balducci et al.
39 
10-10 Na3V2(PO4)2F-3C Wei et al.
40 
10-12 Na3V2(PO4)F Banks et al.
41 
10-14 - 10-12 V2O5 Kohl et al.
42 
10-15 NaFePO4 Mentus et al.
43 
10-10 Na0.66[Li0.22Ti0.78]O2 Huang et al.
44 
10-11 Li4Ti5O12 Yang et al.
45 
 
 
 
 
 
 
Table S6: Structural reproduction of Na4M3(PO4)2P2O7 from DFT simulations, for M = Fe, 
Mn and Ni, compared to experimental data.2,3 
Lattice Parameter            Fe           Mn            Ni 
 Expt Calc Expt Calc Expt Calc 
a/Å 18.07517 18.11671 17.991 18.056 17.999 18.035 
b/Å 6.53238 6.53176 6.648 6.651 6.4986 6.4681 
c/Å 10.64760 10.64427 10.765 10.781 10.4200 10.3609 
 
 
 
 
 
 
 
Figure S1: Mean square displacement (MSD) plots for Na-ion diffusion in 
Na3.8M3(PO4)2P2O7 for M=Fe (blue) and M=Mn (red) at 625 K. 
 
 
 
Intrinsic defects 
 
Kroger Vink notation detailing the defects explored in atomistic simulations. The equations 
refer to Na Frenkel, M Frenkel (M = Fe, Mn, Ni and Co), P Frenkel, O Frenkel, Schottky and 
antisite defects respectively. 
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Thermodynamic Stability 
We explored the feasibility of doping by calculating the formation enthalpy of solid 
solutions and hence performing a convex-hull analysis, displayed in figure S2. It is found that 
for the Mn material (figure 5 (a)) the Na4Fe2Mn(PO4)2P2O7 phase lies above the convex hull 
and as such is predicted to phase separate into the Na4FeMn2(PO4)2P2O7 and Na4Fe3(PO4)2P2O7 
compositions under low temperature equilibration conditions. The convex hull for the Ni doped 
material is shown in figure S2 (b) and demonstrates significantly different behaviour to that of 
the Mn doped material. All compositions of the sodiated phase lie along the convex hull; 
however the formation enthalpies are low, (~1-10 meV per formula unit), and as such the doped 
phases are likely to be unstable at room temperature. In addition, the desodiated phases 
demonstrate a miscibility gap across the composition range. As such in the bulk we predict that 
these doped phases are unstable and thus solid solutions are unlikely to be synthesized, instead 
separating into the Na4Fe3(PO4)2P2O7 and Na4Ni3(PO4)2P2O7 phases. We note that most 
materials are synthesised at high temperatures. It is possible that with the high temperature 
formation this would help, but the materials would need to be quenched for the solid solution 
to remain. In any case, since the Na4Fe2Ni(PO4)2P2O7 material is predicted to display an 
attractive voltage, this warrants further investigation. 
 
 
 
 
 
Figure S2: The energy of mixing per formula unit as a function of composition for Ni doping 
in Na4Fe3-xMx(PO4)2P2O7 with (a) M=Mn and (b) M= Fe.  
  
 
 
Figure S3: Density of states plots for Na4M3(PO4)2P2O7 with (a) M=Fe, (b) M=Mn and (c) 
M= Ni. The plots are centred with the Fermi level at 0 eV. All plots demonstrate a distinct 
band gap around the Fermi level. 
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